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(QTLs) for leaf-related traits. In this report, 221 doubled haploid lines (DHLs) of an IBM Syn10 DH
population were provided for QTL mapping. In total, 54 QTLs were detected for leaf-related traits in single
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qLW-8-1 and qLL-8-2, qLL-3-3 and qLAr-3-3) that control different traits and that were located on the same
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four traits. These results may provide the foundation for QTL fine-mapping and for an understanding of the
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Abstract  Leaf-related traits (leaf length, leaf width, leaf area and leaf angle) are very important 
for the yield of maize (Zea mays  L) due to their influence on plant type. Therefore, it is 
necessary to identify quantitative trait loci (QTLs) for leaf-related traits. In this report, 221 
doubled haploid lines (DHLs) of an IBM Syn10 DH population were provided for QTL mapping. 
In total, 54 QTLs were detected for leaf-related traits in single environments using a high-density 
genetic linkage map. Among them, only eight common QTLs were identified across two or three 
environments, and the common QTLs for the four traits explained 4.38%-19.99% of the 
phenotypic variation. qLL-2-1 (bin 2.09), qLW-2-2 (bin 2.09), qLW-6-3(bin 6.07) and qLA-5-2 
(bin 2.09) were detected in previous studies, and qLL-1-1, qLAr-1-1, qLAr-2-1 and qLA-7-1 may 
be new QTLs. Notably, qLW-6-3 and qLA-5-2 were found to be major QTLs explaining 19.99% 
and 10.96% of the phenotypic variation, respectively. Interestingly, we found three pairs of QTLs 
(qLW-2-2 and qLAr-2-1, qLW-8-1 and qLL-8-2, qLL-3-3 and qLAr-3-3) that control different 
traits and that were located on the same chromosome or in a nearby location. Moreover, nine pairs 
of loci with epistatic effects were identified for the four traits. These results may provide the 
foundation for QTL fine-mapping and for an understanding of the genetic basis of variation in 
leaf-related traits. 
Keywords  Maize  Leaf length  Leaf width  Leaf area  Leaf angle  QTL mapping  
Epistatic effects  
 
Introduction 
 
Plant type is very important for increasing production since it influences canopy photosynthesis 
(Donald 1968), which is also necessary for maize (Zea mays  L). Because of this, agricultural 
scientists and plant breeders study the inheritance of grain yield in maize (Collard and Mackill 
2008). However, grain yield is influenced by many factors such as genetic differences and 
environmental factors (Yan et al. 2006). The maize plant types include leaf type (leaf-related 
traits), stem type, ear type, root type, and others; LL (leaf length), LW (leaf width), LAr (leaf area) 
and LA (leaf angle) are the main leaf-related traits. Because leaf-related traits play an important 
role in grain yield (Dere and Yildirim 2006, Yue et al. 2006, Zhang et al. 2014), identifying 
quantitative trait loci (QTLs) and understanding the function of these leaf-related trait QTLs are 
effective ways to improve grain yield in maize. 
QTL mapping is a powerful tool for analyzing the genetic basis of complex agronomic traits 
(Tanksley, 1993). QTL mapping has been widely used in most crops and for many agronomic 
traits such as phenotypic characters, and yield traits (Almeida et al. 2013, Burton et al. 2014, 
Eshed and Zamir 1995, Hou et al. 2015, Huo et al. 2016, Tuberosa et al. 2002, Yang et al. 2015). 
For decades, researchers focused on leaf-related traits in maize and had some success with QTL 
mapping. One QTL for LW was mapped on chromosome 5 within 125-135cM (Reymond et al. 
2004). Two QTLs for the fourth LL were detected on chromosomes 4 and 7, and three QTLs for 
the fourth LW were mapped on chromosomes 1, 5 and 7 (Pelleschi et al. 2006). A total of 36 QTLs 
for LL and 34 QTLs for LW were identified on chromosomes 1-10 by genome-wide association 
studies (GWAS) in a nest association mapping (NAM) population, and they explained 77.70% and 
80.30% of the phenotypic variation, respectively (Tian et al. 2011). Nine QTLs for LA explaining 
27.70% of the phenotypic variation were identified on chromosomes 1, 2, 4, 5, 6 and 7 (Mickelson 
et al. 2002). One QTL for LA was detected on chromosome 4, and the contribution to the 
phenotypic variation was 36.82 % (Zhang et al. 2014). Three QTLs for LAr were identified on 
chromosomes 5, 8 and 10 under high nitrogen level and four QTLs were detected on 
chromosomes 1, 3 and 8 under nitrogen stress (Agrama et al. 1999). A total of 45 QTLs with 
phenotypic effects ranging from 1.20% to 29.20% were detected for LL, LW, LA and leaf 
orientation value using joint linkage mapping (Li et al. 2015). The molecular mechanism of 
variation for maize leaf-related traits remains poorly understood, although all the above studies 
have provided a great deal of genetic information for understanding the genetic basis of variation 
in leaf-related traits. Thus, it is necessary to further identify QTLs for maize leaf-related traits 
across different environments and to systematically analyze the variation in leaf-related traits. 
Until now, the maize populations for QTL mapping of leaf-related traits have included F2:3 
populations (Agrama et al. 1999, Hou et al. 2015), backcross inbred line (BC1) populations (Lu et 
al. 2003, Wisser et al. 2006), doubled haploid (DH) populations (Christopher et al. 2013, Collard 
et al. 2005, Meng et al. 2016), recombinant inbred line (RIL) populations (Mickelson et al. 2002, 
Pelleschi et al. 2006, Yang et al. 2015), and nested association mapping (NAM) populations (Tian 
et al. 2011), among others. Here, we provide an inter-mated (B73×Mo17) doubled haploid 
population (IBM Syn10 DH) (Holloway et al. 2011, Hussain et al. 2007) that was recombined for 
ten generations. Compared with the IBM Syn4 DH, IBM Syn10 DH has a higher genetic 
resolution for fine QTL mapping studies (Liu et al. 2015). Moreover, the increases in genetic 
resolution and marker density will improve the efficiency of marker-assisted selection and the 
precision of QTL mapping (Jansen et al. 2015). 
The objectives of this study were to (i) systematically analyze the correlations of LL, LW, LAr 
and LA across different environments, (ii) identify QTLs for LL, LW, LAr and LA in multiple 
environments, and (iii) dissect the genetic basis of variation in leaf-related traits in maize. 
 
Materials and methods  
 
Plant materials and field experiments 
 
The mapping population included 221 doubled haploid lines (DHLs) of IBM Syn10 DH. IBM 
Syn10 DH was structured through six generations of intercrossing of IBM Syn4 (ten generations 
intercrossing from B73 and Mo17), and then, haploid induction was used. B73 × Mo17 is a 
hybridization advantage model in maize; B73 belongs to the BSSS population (Zuber 1973) and 
Mo17 to the Lancaster population (Russell 1972). This population was introduced by Iowa State 
University (Jansen et al. 2015). 
The 221 IBM Syn10 DH families were grown in three environments: the Xishuangbanna maize 
breeding base of the Maize research institute of Sichuan Agricultural University, Jinghong, 
Yunnan Province (2013); the testing ground of Northeast Agricultural University, Harbin, 
Heilongjiang Province (2014); and the testing ground of Sichuan Agricultural University, 
Chongzhou, Sichuan Province (2014). Abbreviations for the above three environments, 
respectively, are as follows: 13YN, 14HLJ and 14SC. A completely randomized block design was 
used for the experiments with two replications for each environment. Each of the DH lines was 
grown in a single row (14 plants) 3 m in length and 0.75 m in distance from the next row (62,000 
plants/ha). Field management was identical to the management of a normal corn production field. 
After pollination, the leaf-related traits were investigated as follows: ten normal plants in a row 
were randomly selected for measurement of LL (cm), LW (cm), LAr (cm2) and LA (degree). A 
total of three leaves (the ear leaf, the first leaf above the ear leaf, and the first leaf below the ear 
leaf) were collected for measurement of LL, LW and LAr, and the average values for the three 
leaves were taken as the phenotype values for each trait. Only the ear leaf was used for LA 
measurement. The methods used for the measurements are described in Fig. 1. 
 
Phenotypic data analysis 
 
SPSS20.0 software was used for analysis of variance (ANOVA) and phenotypic correlation 
(http://www.spss.com). Broad-sense heritability (H2B) was described as follows: H2B =σ2g/(σ2g 
+σ2ge /n+σ2/nb) (Hallauer and Miranda 1987). Here, σ2g is the genetic variance, σ2ge is the 
interaction variance of genotype×environment, n is the number of environments, and b is the 
number of replications in each environment. The confidence intervals (CI) of H2B were described 
by Knapp et al. (1985). 
 
Genetic linkage map construction  
 
In a previous study, we constructed a high-density genetic linkage map by using 280 doubled 
haploid lines (DHLs) of the IBM Syn10 DH population. First, genomic DNA was extracted from 
young leaves from the population (10 plants per line) by the CTAB procedure (Zhu et al. 2007). 
Second, high quality SNPs were obtained from deep sequencing (IBM Syn10 DH, 0.31×; Mo17, 
26×) using Illumina Hiseq2000 (Lai et al. 2010, Xia et al. 2009). Third, we took the chromosome 
whose physical distance was approximately 100k as the smallest unit for a recombination event, 
and the smallest unit was defined as a bin (Zhao et al. 2010); we then integrated the same 
genotyped SNPs as bin markers. For all the above, the overall length of the high-density map (bin 
map) was 11,198.5 cM (genetic distance), which included 6,618 recombination bin markers, and 
the average genetic distance between two bin markers was 1.7 cM. The detailed process of the 
high-density genetic linkage map construction was described by Liu et al. (2015). 
In this study, we selected 221 doubled haploid lines (DHLs) of IBM Syn10 DH for phenotype 
identification. Based on the previous genetic linkage map, we reconstructed a new genetic linkage 
map. The total length of the new genetic linkage map was 11,488.4cM, and the new map 
contained 5,935 bin makers. To compare with the results of previous studies, we corrected the 
genetic linkage map to the level of an F2 population, which only occurs in a generation of meiosis 
and recombination. The expected map expansion factor was estimated as α=j/2+(2i-1)/2i, where j 
is the number of generations of intercrossing, including the two generations for the construction 
from the F2 population, and i is the number of selfing generations of the inbred lines after 
intercrossing (Teuscher et al. 2005). For IBM Syn10, j=12 and i=1 (in the process of double 
haploid disposal, only one generation of restructuring amounts to one generation of selfing), so 
α=6.5. Then, the genetic distance of each of the two markers was shrunk 6.5 times, and a newly 
adjusted genetic linkage map was provided. The result showed that the genetic linkage map 
included 5,935 bin markers, and the total length of the map was 1,767.45 cM across all ten 
chromosomes of maize. The average genetic distance between two bin markers was 0.29 cM. 
 
QTL identification 
 
The analysis of QTLs for each trait for each environment was performed by QTL IciMapping 
software version 3.0 (Yang et al. 2015) based on inclusive composite interval mapping (ICIM). 
The scan configuration was set to a 10cM testing window, and the walk speed was set to 2cM. 
Here, the confidence interval of QTLs overlapping for one trait or the peak distance of QTLs was 
less than 10cM, which would be considered the same QTL. The LOD threshold values were 
determined on the basis of a permutation test with 1000 cycles (Churchill and Doerge 1994). 
QTLs were named as follows: q+ the abbreviation of each trait-the serial number of the 
chromosome-the serial number of the identified QTL in the chromosome, where “q” is short for 
QTL (McCouch and Xiao 1998). For instance, in “qLA-3-1,” “q” stands for QTL, “LA” denotes 
leaf angle, “3” is chromosome 3, and “1” represents the first QTL in chromosome 3. 
 
Results  
 
Phenotypic analysis in three environments 
 
The phenotypic performance results for four traits in the IBM Syn10 DH population and its 
parents are listed in Table 1. The mean values of two traits (LL and LAr) for B73 were all higher 
than the mean values for Mo17 across three environments, whereas the opposite was ture for the 
other two traits (LW and LA). We were also interested in the coefficient of variation (CV), 
skewness and kurtosis for the four traits in the IBM Syn10 DH population across the three 
environments. For all traits in all three environments, Table 1 shows that CV, skewness and 
kurtosis ranged from 0.07 to 0.30, -0.73 to 0.81, and -0.24 to 0.85, respectively. The absolute 
values of skewness and kurtosis were both less than 1, which suggests that the values of the traits 
display normal distributions in different environments (Fig. 2).  
The broad-sense heritability (H2B) for all traits across the three environments in the IBM Syn10 
DH population ranged from 79.35% to 85.78%, and the confidence interval (CI) of H 2B ranged 
from 74.88% to 88.31% (Table 2). This shows that genetic factors have played an important role 
in the formation of all traits. The variance values from the environment (E), the genotype (G), and 
the interaction between environment and genotype (G×E) for the four traits were all highly 
significant (P=0.01) based on an analysis of variance (ANOVA). The results indicate that E and 
G×E were also essential for the formation of leaf-related traits.  
The phenotypic correlation coefficients (rP) between LL and LW, LL and LAr, and LW and LAr in 
13YN were 0.387, 0.758 and 0.891, respectively (Table 3). The three pairs of traits were 
phenotypically correlated at a high level of significance (P=0.01). However, the phenotypic 
correlations (rP) between LL and LA, LW and LA, and LAr and LA were non-significant (P=0.05). 
This result is similar to the phenotypic correlation (rP) found between two traits in both 14SC and 
14HLJ. An analysis of genotypic correlation (rG) indicated that the correlation coefficients 
between LL and LW, LL and LAr, and LW and LAr ranged from 0.293 to 0.380, 0.580 to 0.810, 
and 0.772 to 0.891 in 13YN, 14SC and 14HLJ, respectively. The genotypes of these three pairs of 
traits were highly significantly correlated (P=0.01), but there were no significant relationships 
(P=0.05) between LL and LA, LW and LA, or LAr and LA. Therefore, we could conclude that not 
only the phenotypic correlations (rP) but also the genotypic correlations (rG) were highly 
significant between LL and LW, LL and LAr, and LW and LAr. 
   
Identification of QTLs for leaf-related traits 
 
A total of 54 QTLs were identified in the three environments, among which seven QTLs, five 
QTLs, ten QTLs, six QTLs, seven QTLs, eight QTLs, three QTLs, four QTLs, and four QTLs 
were located on chromosomes 1, 2, 3, 5, 6, 7, 8, 9 and 10, respectively (Table 4; Fig. 3). Moreover, 
nine QTLs for LL, seventeen QTLs for LW, sixteen QTLs for LAr, and twelve QTLs for LA were 
identified across all environments, explaining from 3.16% to 19.99% of the phenotypic variation. 
Nine QTLs for LL were located on chromosomes 1, 2, 3, 7 and 8. Among them, two QTLs, five 
QTLs, and four QTLs were identified in 14SC, 13YN and 14HLJ, respectively (Table 4; Fig. 3). 
The two QTLs in 14SC were located on chromosomes 2 and 8, and their rates of contribution to 
the phenotypic variation were 7.72% and 5.81%, respectively. Five QTLs were found on 
chromosomes 1, 2, 3 and 7 in 13YN that explain between 4.23% and 7.14% of the phenotypic 
variation. Four QTLs were detected on chromosomes 1, 3 and 8 in 14HLJ, explaining 4.90% to 
7.31% of the phenotypic variation. In the nine QTLs for LL, six presented positive additive effects 
with the alleles from B73, and the average effect value was 1.36. Meanwhile, the other three QTLs 
presented negative additive effects with the alleles from B73, and the average effect value was 
-1.25. 
Seventeen QTLs affecting LW were identified on chromosomes 2, 3, 5, 6, 7, 8, 9 and 10 across all 
environments (Table 4; Fig. 3). They explained between 4.42% and 19.99% of the phenotypic 
variation. Of these QTLs, four, seven and eight were found in 14SC, 13YN and 14HLJ, 
respectively. Meanwhile, the three groups of QTLs explained from 4.54% to 8.48%, 5.39% to 9.45% 
and 4.42% to 19.99% of the phenotypic variation, respectively. For the seventeen QTLs, seven 
showed positive additive effects, and ten showed negative additive effects with alleles from B73 
(the average effect values were 0.24 and -0.23).  
Across the three environments, sixteen QTLs for LAr were detected on chromosomes 1, 2, 3, 5, 6, 
7, 9 and 10 (Table 4; Fig. 3). Among them, seven, six and six QTLs were identified in 14SC, 
13YN and 14HLJ and explained from 4.13% to 9.59%, 4.00% to 8.94% and 4.38% to 8.37% of 
the phenotypic variation, respectively. The additive effect among nine QTLs and alleles from B73 
was positive (the average effect value was 14.64), while the additive effect among the other seven 
QTLs and alleles from B73 was negative (the average effect value was -14.30). 
Across multiple environments, twelve QTLs affecting LA were detected, located on chromosomes 
1, 3, 5, 6, 7 and 9 (Table 4; Fig. 3). In 14SC, we discovered two QTLs on chromosomes 5 and 7, 
and they explained 10.96% and 9.97% of the phenotypic variation. Moreover, seven and six QTLs 
were detected in 13YN and 14HLJ, explaining from 3.16% to 10.39% and 4.10% to 7.16% of the 
phenotypic variation, respectively. Among the twelve QTLs, only one presented a positive 
additive effect with alleles from B73, and the effect value was 2.35. However, the others showed 
positive additive effects with alleles from Mo17, and the average effect value was -2.11. 
 
Comprehensive analysis of QTLs common to multiple environments 
 
In total, eight common QTLs were identified across two or three environments (Table 4; Fig. 3). 
For LL, there were two common QTLs, qLL-1-1 and qLL-2-1, which were detected on 
chromosomes 1 and 2. qLL-1-1 was found in 13YN and 14HLJ, and the marker intervals were 
from chr 01.692.5 to chr 01.693.5 and chr 01.654 to chr 01.657.5 (the genetic distance between 
two loci was 0.3cM, so we regarded them as the same QTL). The contributions to phenotypic 
variation were 5.13% and 6.41%, and the values of LOD were 3.55 and 4.36, respectively. 
Furthermore, the additive effects between qLL-1-1 and alleles from B73 were negative, and the 
effect value was -1.33. However, qLL-2-1 was detected in 13YN and 14SC, the marker intervals 
of the two loci were both from chr 02.2283.5 to chr 02.2284.5, and the values of LOD were 4.08 
and 4.80. qLL-2-1 explained 7.72% and 7.14% of the phenotypic variation in 13YN and 14SC, 
respectively. Moreover, the additive effects between qLL-2-1 and alleles from B73 were positive, 
and the effect value was 1.53. Regarding LW, two common QTLs were identified: qLW-2-2 was 
located on chromosome 2 across 14SC and 14HLJ, explaining 8.48% and 6.21% of the phenotypic 
variation in the above mentioned environments, and the additive effect value of qLW-2-2 and 
alleles from B73 was -0.24; qLW-6-3 was detected in 13YN and 14HLJ (the genetic positions for 
two loci overlapped), explaining 6.82% and 19.99% of the phenotypic variation, and the additive 
effect value of qLW-6-3 and alleles from B73 was -0.30. Moreover, qLW-6-3 was considered a 
major QTL because it explained 19.99% (>10%) of the phenotypic variation in 14HLJ, and it may 
affect the formation of LW. There were four common QTLs affecting LAr and LA in multiple 
environments, namely, qLAr-1-1, qLAr-2-1, qLA-5-2 and qLA-7-1. Among them, qLAr-1-1 and 
qLA-5-2 were both detected across two environments, while qLAr-2-1 and qLA-7-1 were 
identified in all environments. The contribution values of the phenotypic variation were 7.72% 
and 7.14% for qLAr-1-1, and 10.96% and 5.53% for qLA-5-2 in the two locations. Meanwhile, 
the additive effects of qLAr-1-1 and qLA-5-2 with alleles from B73 for were negative, with effect 
values of -12.08 and -2.67, respectively. Interestingly, qLAr-2-1 and qLA-7-1 were detected in all 
three environments, and the amount of explained phenotypic variation ranged from 4.97% to 
10.39%. The additive effects with alleles from B73 for qLAr-2-1 and qLA-7-1 were both negative. 
In particular, the contribution of qLA-7-1 in 13YN to phenotypic variation was 10.39% (>10%), 
so it could be considered a major QTL that may significantly influence the formation of LA. 
  
Epistatic interactions  
 
Nine pairs of loci with epistatic effects were identified for leaf-related traits across all three 
environments, and they were located on chromosomes 1, 2, 3, 4, 5, 7 and 9 (Table 5). Among them, 
each trait (LW, LAr and LA) included three pairs of loci, while no locus was detected for LL. The 
additive effect values of the loci ranged from -16.68 to 16.07, and their contribution to phenotypic 
variation ranged from 6.80% to 10.34%. Specifically, the three pairs of loci for LW explained 
7.75%, 6.80% and 9.34% of the phenotypic variation, whereas the phenotypic variation of the 
three pairs of loci for LAr and LA ranged from 7.14 to 8.45% and 7.10 to 10.34%. In particular, 
one pair of loci (physical positions were 292.475-292.600 Mb and 3.575-3.700 Mb.) explained 
10.34% of the phenotypic variation. The appearance indicated that it may have a stronger epistatic 
interaction effect on LA. 
 
Discussion 
 
Stably expressed QTLs for leaf-related traits  
 
Many studies have shown that the results of QTL mapping are influenced by different 
environments (Hou et al. 2015, Yang et al. 2015). Therefore, detection of common QTLs across 
multiple environments is considered an effective method for identifying stably expressed QTLs. In 
this study, a total of eight common QTLs were identified for leaf-related traits. For LL, qLL-1-1 
and qLL-2-1 were identified in two environments, and they were located on bin 1.04 
(65.150-65.575 Mb and 69.200-69.300 Mb) and bin 2.09 (228.275-228.400 Mb and 
228.275-228.400 Mb), respectively. Compared with previous studies, the marker interval of 
qLL-2-1 (228.275-228.400 Mb) was close to the SNP marker PZE02204511977 (217.263 Mb) 
(Tian et al. 2011) and Umc1736 (231.543 Mb) (Zheng et al. 2007).  Furthermore, the physical 
position of qLL-2-1 was close to the QTL for LL (233.551-236.670 Mb), which was reported by 
Li et al. (2015). However, we did not find any locus that overlapped with or was nearby qLL-1-1, 
suggesting that qLL-1-1 may be a novel QTL for LL. Moreover, qLW-2-2 (bin 2.05, 
137.100-137.200 Mb, 141.500-142.050 Mb) and qLW-6-3 (bin 6.07, 162.200-162.325 Mb, 
162.200-162.325 Mb ) were two common QTLs for LW detected across two environments, with 
marker intervals close to the SNP marker loci PZE02149540657 and PZE06165248915 (122.746 
Mb and 176.356 Mb) identified in previous research (Pelleschi et al. 2006). The marker interval of 
qLW-6-3 (bin 6.07) was also within the interval of Y1SSR- Phi031 (bin 6.07) reported by Zheng et 
al. (2007).  Meanwhile, qLW-6-3 was considered a major QTL, that explained 19.99% of the 
phenotypic variation. Two common QTLs for LAr, named qLAr-1-1 (bin 1.01, 9.025-9.175 Mb, 
8.400-8.500 Mb) and qLAr-2-1 (bin 2.05, 106.950-107.675 Mb, 110.950-112.275 Mb, 
112.275-113.115 Mb), were found in different environments, that were not consistent with any 
LAr QTLs or SNPs from previous studies, showing that qLAr-1-1 and qLAr-2-1 may be new 
QTLs for LAr. Furthermore, qLA-5-2 (bin 5.04, 133.700-139.200 Mb, 127.025-127.175 Mb) and 
qLA-7-1 (bin 7.00, 3.100-3.200 Mb, 3.000-3.100 Mb, 3.100-3.200 Mb) were two common QTLs 
for LA that were detected across two and three environments, respectively. The two QTLs were 
both major QTLs that explained 10.96% and 10.40% of the phenotypic variation. Compared with 
previous results, the marker interval of qLA-5-2 was very close to the SNP marker loci 
(PZE05142696638, 168.951 Mb) (Tian et al. 2011). However, none of the identified LA QTLs or 
SNP marker loci in previous studies were in accordance with qLA-7-1, indicating that qLA-7-1 
may be a new QTL for LA. In subsequent research, we will focus on these common QTLs.  
Interestingly, we also found that three pairs of QTLs that control different traits are located in the 
same location or close together on chromosomes. For example, the physical locations of qLW-2-2 
(bin 2.05, 137.100-137.200 Mb) and qLAr-2-1 (bin 2.05, 112.275-113.150 Mb) were in the same 
bin (bin 2.05) of chromosome 2, as well as qLW-8-1 (bin 8.05, 123.500-123.700 Mb) and qLL-8-2 
(bin 8.05, 130.775-131.200 Mb). Moreover, the physical locations of qLL-3-3 (bin 3.07, 
193.450-193.975 Mb) and qLAr-3-3 (bin 3.07, 195.800-195.900 Mb) were almost overlapping. 
These facts indicate that these chromosome segments may contribute to the identification of 
leaf-related genes, although whether this phenomenon is affected by pleiotropism or tight linkage 
of genes for different traits is uncertain.  
 
Prediction of candidate genes 
 
In this study, eight common QTLs were detected across multiple environments. Of them, qLA-7-1 
was detected across three environments, which explained up to 10.39% of the phenotypic 
variation. For the major QTL, we further identified the candidate genes by searching 
MaizeGDB(www.maizegdb.org). As a result, 16 candidate genes were identified: 
GRMZM2G044060, GRMZM2G044174, GRMZM2G044194, GRMZM2G509788, 
GRMZM2G345509, GRMZM2G509794, GRMZM2G565496, GRMZM2G438652, 
GRMZM2G565476, GRMZM2G585079, GRMZM2G006071, GRMZM2G485918, 
GRMZM2G008320, GRMZM2G008234, GRMZM2G485889, and GRMZM2G008061. Among 
these genes, GRMZM2G044060, GRMZM2G438652, and GRMZM2G006071 showed high 
expression in the immature leaf or the base of the stage 2 leaf, and they belong to “transducin 
family protein/WD-40 repeat family protein”, “bZIP51 basic leucine zipper 25-like”, and 
“DAZ-associated protein 1,” respectively (www.maizegdb.org; www.ncbi.nlm.nih.gov;). In 
addition, the members of “transducin family protein/WD-40 repeat family protein” are 
increasingly being recognized as key regulators of plant-specific developmental events and play 
key roles in upstream signaling pathways (Van Nocker and Ludwig, 2003). Moreover, Van Leene 
et al. (2016) reported that the bZIP family member, bZIP29, was an important factor in leaf 
development. Taken together, these findings suggest that the candidate genes may participate in 
the formation of LA. In future studies, we will further conduct fine mapping of the major QTL and 
more precisely identify the candidate genes by overexpression or targeted mutation.  
 
The effects of epistatic interactions  
 
Epistatic interactions between loci or genes may play important roles not only in understanding 
the genetic basis of complex quantitative traits but also in the formation of heterosis (Phillips 
2008). In this study, nine pairs of loci were identified for LL, LW, LAr and LA through epistatic 
interactions across all the environments. The rate of contribution to phenotypic variation ranged 
from 6.80% to 10.34% for each trait. We did not detect the same QTLs among these nine pairs of 
loci and the 54 QTLs that were detected under a single environment in this study, which is a 
similar finding to the results described by Hou et al. (2015). Taken together, these findings show 
that some QTLs cannot explain phenotypic variation by direct effects, but they can affect the 
phenotypic variation of the trait through epistatic interactions. Until now, the genetic mechanism 
of epistatic interactions has remained unclear, although some studies have focused on this 
(Buckler et al. 2009, Phillips 2008, Stich et al. 2007). Therefore, this may be a research derection 
highlighted in the future for maize molecular breeding. 
  
Usefulness of the population  
 
Selection of the population is important for QTL mapping. In previous studies, several populations 
were used for identifying QTLs for leaf-related traits, such as F2 (Chen et al. 2015, Zhang et al. 
2016), F2:3 (Hou et al. 2015, Wang et al. 2015), BC1 (Drost et al. 2015, Weng et al. 2012), RIL 
(Baute et al. 2015, Berger et al. 2014, Courtial et al. 2014, Yang et al. 2015), NAM (Benson et al. 
2015, Bian et al. 2014, Schnaithmann et al. 2014, Tian et al. 2011) and others. This study was 
based on an IBM Syn10 DH population (Holloway et al. 2011, Hussain et al. 2007), which was 
structured on the basis of IBM Syn4 RIL (B73 and Mo17 were the parent lines). As the genome 
sequences of B73 and Mo17 are now available, it has become much easier to clone the QTLs of 
interest. A successful example was the QTL FEA2, controlling kernel row number, which was 
cloned using the IBM population (Bommert et al. 2013). Moreover, the IBM Syn10 DH 
population was formed by open pollination for six generations and double haploid of IBM Syn4 
RIL. Therefore, the IBM Syn10 DH population has a higher rate of genetic recombination, higher 
resolution of genetic mapping and higher phenotypic variation (Austin and Lee 1996, Dudley et al. 
2004, Graham et al. 1997), and it is more suitable for constructing a high-density genetic linkage 
map and QTL fine-mapping (Holloway et al. 2011, Hussain et al. 2007). Liu et al. (2015) reported 
that 35 QTLs for flowering time and 34 QTLs for plant height were identified in the IBM Syn10 
DH population. When these QTLs were compared with the 18 QTLs for flowering time and plant 
height discovered in previous studies, they found that most of the genes (in previous studies), such 
as TFL2, PhyA2 and ZmHy2 (the genes had been cloned) were located on chromosomes in the 
range of 0.2-7.2 Mb and overlapped with the sections of QTL mapping for the IBM Syn10 DH 
population. Moreover, in this study, we found that the marker intervals of some QTLs were within 
those in previous reports (in the part of ‘Stably expressed QTLs for leaf-related traits’ ). All the 
above evidence suggests that IBM Syn10 DH is an effective population for QTL fine-mapping.  
In short, the QTLs identified in this study will provide the foundation for QTL fine-mapping and 
molecular marker assisted breeding (MAS) of leaf-related traits. Furthermore, the results can also 
help us understand the genetic basis of leaf-related trait variation. Meanwhile, identifying QTLs 
provides some information for cultivating ideotypes in maize breeding. 
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Figure Legends 
 
Fig. 1 Measuring method for leaf-related traits. The measured traits include LL (leaf length), LW (leaf width), 
LAr (leaf area) and LA (leaf angle). A shows the leaves for which LL, LW, LAr and LA were measured. B shows 
the measuring method for LL, LW, LAr and LA. 
Fig. 2  The frequency distribution of leaf-related traits in IBM Syn 10 DH population across three 
environments. The traits are LL (leaf length), LW (leaf width), LAr (leaf area) and LA (leaf angle). Blue, red, and 
yellow labels represent 13YN, 14SC and 14HLJ, respectively. 13YN, 14SC and 14HLJ denote the populations 
planted in Yunnan (2013), Sichuan (2014) and Heilongjiang (2014), respectively. 
Fig. 3 Distribution of identified QTLs for leaf-related traits on molecular linkage across three environments. 
The traits are LL (leaf length), LW (leaf width), LAr (leaf area) and LA (leaf angle). 13YN, 14SC and 14HLJ 
denote the populations planted in Yunnan (2013), Sichuan (2014) and Heilongjiang (2014), respectively. Here, 
squares, ovals, circles and pentagonals represent LL, LW, LAr and LA, respectively. Red, blue and green labels 
represent 13YN, 14SC and 14HLJ, respectively.  
 
Tables  
 
Table 1  Phenotypic performance of four traits in the IBM Syn10 DH population and its parents  
Trait Environment Parents Population 
  B73±SE Mo17±SE Range Average SE CV（%） Skewness Kurtosis 
LL 13YN 69.13±0.73 59.87±0.76 46.87-92.87 65.72 0.38 0.09 0.42 0.85 
14SC 75.23±0.13 61.29±0.15 56.50-86.07 71.12 0.34 0.08 -0.03 -0.16 
14HLJ 78.57±0.20 65.44±0.34 61.70-92.57 75.26 0.35 0.07 0.13 0.12 
LW 13YN 6.70±0.10 7.90±0.12 4.93-9.37 7.09 0.06 0.12 0.16 -0.24 
14SC 7.43±0.03 8.22±0.02 5.53-10.27 7.92 0.05 0.11 0.24 -0.04 
14HLJ 9.28±0.03 10.07±0.04 7.05-11.83 9.46 0.05 0.10 0.05 -0.21 
LAr 13YN 376.80±7.43 334.75±7.41 194.97-543.27 350.43 4.31 0.17 0.27 0.32 
14SC 429.54±2.98 376.67±2.17 256.84-683.05 425.19 3.87 0.15 0.25 -0.21 
14HLJ 533.06±2.51 485.22±3.18 367.71-717.40 531.21 3.48 0.14 -0.73 0.85 
LA 13YN 19.65±0.62 44.48±2.03 13.10-62.70 31.08 0.47 0.30 0.55 0.28 
14SC 19.98±0.50 45.03±0.59 13.07-64.75 36.03 0.65 0.26 0.18 -0.18 
14HLJ 19.83±0.15 50.50±0.81 12.15-60.20 26.06 0.63 0.28 0.81 0.82 
The traits are LL (leaf length), LW (leaf width), LAr (leaf area) and LA (leaf angle) 
13YN, 14SC and 14HLJ denote the populations planted in Yunnan (2013), Sichuan (2014) and Heilongjiang 
(2014), respectively 
SE denotes standard error  
The units for LL, LW, LAr and LA are cm, cm, cm2 and degrees, respectively 
 
Table 2  Analysis of variance (ANOVA) for leaf-related traits in three environments 
Source of variation Mean square  
LL LW LAr LA 
Environment（E） 10188.750** 563.220** 3385841.990** 9894.743** 
Genotype（G） 122.407** 2.931** 14574.954** 337.578** 
G×E 17.410** 0.431** 3009.200** 50.185** 
Error 9.192 0.234 1430.043 4.887 
（H 2B） 85.78 85.29 79.35 85.13 
CI 82.70-88.31 82.11-87.91 74.88-83.03 81.91-87.78 
The traits are LL (leaf length), LW (leaf width), LAr (leaf area) and LA (leaf angle) 
H 2B denotes the broad-sense heritability, CI denotes the confidence interval of (H 2B) between the 5 and 95% 
significance levels 
** Significant at P=0.01 
 
Table 3  The phenotypic correlation and genotypic correlation between each trait in three environments   
 rP/rG LL LW LAr LA 
13YN LL  0.313** 0.810** 0.054 
LW 0.387**  0.891** 0.079 
LAr 0.758** 0.891**  0.096 
LA -0.094 -0.060 -0.083  
14SC LL  0.293** 0.780** 0.050 
LW 0.291**  0.872** 0.084 
LAr 0.710** 0.866**  0.093 
LA -0.110 -0.080 -0.110  
14HLJ LL  0.380** 0.580** 0.021 
LW 0.310**  0.772** 0.006 
LAr 0.579** 0.771**  0.010 
LA 0.019 -0.005 0.009  
Phenotypic correlation (rP ) and genotypic correlation (rG ) are shown below and above the diagonal, respectively 
The traits are LL (leaf length), LW (leaf width), LAr (leaf area) and LA (leaf angle) 
13YN, 14SC and 14HLJ denote the populations planted in Yunnan (2013), Sichuan (2014) and Heilongjiang 
(2014), respectively 
** Significant at P=0.01  
 
Table 4  QTLs identified for leaf-related traits across three environments 
Trait  Environment QTL Chr. Genetic Physical position LOD LOD R2(%)b AEc 
position (cM) (Mb) thresholda 
LL 14HLJ qLL-1-1 1 84.44 65.150-65.575 2.8 4.36 6.41 -1.42 
13YN qLL-1-1 1 87.22 69.200-69.300 3.55 5.13 -1.25 
14SC qLL-2-1 2 175.27 228.275-228.400 4.08 7.72 1.52 
13YN qLL-2-1 2 175.27 228.275-228.400 4.80 7.14 1.54 
13YN qLL-3-1 3 28.05 5.575-5.700 2.91 4.23 -1.11 
13YN qLL-3-2 3 68.05 59.800-60.600 3.01 4.39 1.14 
14HLJ qLL-3-3 3 128.05 193.450-193.975 5.09 7.31 1.51 
14HLJ qLL-3-4 3 150.27 211.975-212.100 3.47 4.90 -1.23 
13YN qLL-7-1 7 54.72 117.850-118.325 3.46 5.08 1.29 
14SC qLL-8-1 8 18.05 5.175-5.325 2.83 5.81 1.31 
14HLJ qLL-8-2 8 83.61 130.775-131.200 4.91 7.12 1.46 
LW 14HLJ qLW-2-1 2 48.61 13.500-13.650 3.0 4.16 5.36 0.21 
14SC qLW-2-2 2 99.72 137.100-137.200 5.62 8.48 -0.25 
14HLJ qLW-2-2 2 100.56 141.500-142.050 4.78 6.21 -0.24 
13YN qLW-3-1 3 4.72 2.100-2.200 4.14 5.39 -0.18 
13YN qLW-3-2 3 78.61 149.475-149.600 4.72 6.41 0.19 
13YN qLW-5-1 5 166.38 216.200-216.300 4.78 6.24 -0.22 
13YN qLW-6-1 6 12.50 6.800-6.900 6.96 9.45 -0.23 
14HLJ qLW-6-2 6 114.17 161.550-161.750 7.21 9.63 0.28 
14HLJ qLW-6-3 6 117.50 162.200-162.325 13.96 19.99 -0.40 
13YN qLW-6-3 6 117.50 162.200-162.325 5.20 6.82 -0.20 
14HLJ qLW-6-4 6 125.20 163.600-163.700 10.87 15.00  0.36 
14HLJ qLW-7-1 7 28.05 7.900-8.000 3.44 4.46 0.19 
14SC qLW-7-2 7 67.22 131.550-131.950 3.66 5.44 -0.20 
14SC qLW-7-3 7 110.83 166.700-166.800 3.07 4.54 -0.17 
13YN qLW-8-1 8 80.83 123.500-123.700 5.73 7.66 -0.21 
14HLJ qLW-9-1 9 15.27 7.000-7.100 5.52 7.54 0.25 
14SC qLW-9-2 9 46.94 18.700-18.800 4.61 6.86 -0.21 
13YN qLW-10-1 10 30.83 9.600-9.725 5.21 6.91 -0.21 
14HLJ qLW-10-2 10 60.27 133.425-133.575 3.44 4.42 0.19 
LAr 14SC qLAr-1-1 1 27.77 9.025-9.175 2.6 4.64 6.84 -15.20 
14HLJ qLAr-1-1 1 24.44 8.400-8.500 2.93 4.38 -13.33 
13YN qLAr-1-2 1 48.88 18.875-19.075 2.93 4.44 -10.83 
14HLJ qLAr-1-3 1 115.83 189.000-189.100 3.36 4.99 14.33 
14SC qLAr-2-1 2 96.11 106.950-107.675 5.01 7.24 -17.03 
14HLJ qLAr-2-1 2 96.66 110.950-112.275 5.49 8.37 -19.37 
13YN qLAr-2-1 2 96.94 112.275-113.150 5.49 8.53 -16.21 
13YN qLAr-2-2 2 190.00 233.600-233.700 4.06 6.38 13.38 
14HLJ qLAr-3-1 3 75.27 137.025-137.175 3.24 4.86 14.51 
13YN qLAr-3-2 3 86.38 158.700-158.825 5.60 8.94 15.43 
14HLJ qLAr-3-3 3 129.44 195.800-195.900 4.51 7.03 16.86 
14SC qLAr-5-1 5 54.44 15.675-15.800 6.51 9.59 18.80 
14SC qLAr-5-2 5 101.94 178.400-179.725 2.87 4.13 -11.67 
13YN qLAr-6-1 6 117.50 162.200-162.325 2.66 4.00 -10.28 
13YN qLAr-7-1 7 48.33 100.150-100.300 3.52 5.39 12.69 
14SC qLAr-7-2 7 119.44 170.175-170.375 4.62 7.14 -15.37 
14HLJ qLAr-9-1 9 95.00 139.800-139.900 3.21 4.76 -13.69 
14SC qLAr-10-1 10 63.88 135.550-135.750 3.15 4.47 12.14 
14SC qLAr-10-2 10 88.61 144.800-144.900 3.70 5.33 13.63 
LA 14HLJ qLA-1-1 1 65.83 33.800-33.900 2.8 3.48 5.02 -1.56 
13YN qLA-1-2 1 97.77 94.400-94.700 2.82 3.16 -1.68 
14HLJ qLA-1-3 1 211.94 288.950-289.150 3.38 4.84 -1.56 
14HLJ qLA-3-1 3 137.77 201.425-201.775 5.02 7.16 -1.88 
13YN qLA-5-1 5 65.00 32.825-33.550 4.35 4.92 -2.12 
14SC qLA-5-2 5 82.22 133.700-139.200 5.84 10.96 -3.11 
13YN qLA-5-2 5 80.83 127.025-127.175 4.83 5.53 -2.23 
14HLJ qLA-5-3 5 90.85 89.127-89.951 4.84 6.92 -1.85 
13YN qLA-6-1 6 22.50 79.100-79.800 5.41 6.16 2.35 
13YN qLA-6-2 6 130.00 165.300-165.400 4.53 5.12 -2.13 
14SC qLA-7-1 7 9.44 3.100-3.200 5.28 9.97 -3.01 
14HLJ qLA-7-1 7 9.17 3.000-3.1000 3.52 4.97 -1.58 
13YN qLA-7-1 7 9.44 3.100-3.200 8.76 10.39 -3.07 
14HLJ qLA-7-2 7 68.61 133.175-133.425 2.93 4.10 -1.56 
13YN qLA-9-1 9 92.50 139.650-139.800 4.53 5.22 -2.15 
 
The traits are LL (leaf length), LW (leaf width), LAr (leaf area) and LA (leaf angle) 
13YN, 14SC and 14HLJ denote the populations planted in Yunnan (2013), Sichuan (2014) and Heilongjiang 
(2014), respectively 
a LOD threshold obtained by permutation test. 
b R2, phenotypic variation of traits explained by each QTL 
c AE, additive effect of the QTL for the four traits: positive values indicate that the alleles from B73 increased the 
trait score; negative values indicate that the alleles from Mo17 increased the trait score 
 
Table 5  Epistatic effects of loci in three environments 
Trait Environment Chr. Position(cM) Marker interval LOD R2(%)a AEb 
LW 14SC 3 61 chr03.226.5-chr03.227.5 5.12 7.75 -0.23 
9 24 chr09.84.5-chr09.85.5 
13YN 9 35 chr09.134.5-chr09.135.5 5.44 6.80 0.22 
9 68 chr09.1026-chr09.1039.5 
14HLJ 1 118 chr01.1891.5-chr01.1892.5 6.60 9.34 0.25 
1 141 chr01.2109.5-chr01.2110.5 
LAr 14SC 4 24 chr04.1522-chr04.1524.5 5.04 7.14 16.07 
7 21 chr07.1416.5-chr07.1417.5 
14SC 3 17 chr03.226.5-chr03.227.5 5.34 7.49 -16.68 
9 7 chr09.84.5-chr09.85.5 
13YN 1 222 chr01.2910.5-chr01.2911.5 6.08 8.45 15.88 
5 113 chr05.1910.5-chr05.1911.5 
LA 14SC 1 228 chr01.2925.5-chr01.2926.5 5.53 10.34 -2.91 
2 13 chr02.36.5-chr02.37.5 
13YN 4 124 chr04.1896.5-chr04.1898.5 5.83 7.10 -5.56 
4 124 chr04.1917.5-chr04.1918.5 
14HLJ 1 24 chr01.82.5-chr01.83.5 5.17 7.44 -1.84 
3 118 chr03.1827.5-chr03.1828.5 
The traits are LL (leaf length), LW (leaf width), LAr (leaf area) and LA (leaf angle) 
13YN, 14SC and 14HLJ denote the populations planted in Yunnan (2013), Sichuan (2014) and Heilongjiang(2014), 
respectively 
a R2, phenotypic variation of traits explained by each pair of loci 
b AE, additive effect of the QTL for the four traits: positive values indicate that the alleles from B73 increased the 
trait score; negative values indicate that the alleles from Mo17 increased the trait score 
 



